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Equivalence of information from single versus multiple fre-
quency bioimpedance vector analysis in hemodialysis.
Background. In suspended cells, low-frequency current only
passes through extracellular fluids, while current at higher fre-
quencies passes through extra- and intracellular fluids. Cells
in soft tissues are in contact with each other, which causes
tissue anisotropy, meaning that impedance changes along
different cell directions, with part of low-frequency current
also passing through cells. Hence, equivalent information on
body impedance change is expected at all frequencies, which
we proved in a dynamic condition of fluid removal with
hemodialysis.
Methods. We performed whole-body impedance spec-
troscopy (496 frequencies from 4 to 1024 kHz, SEAC SFB3
analyzer; Brisbane, Australia) before and during fluid removal
(0, 60, 120, 180 min, 2.5 kg) in 67 hemodialysis patients. With
increasing current frequency, resistance (R) decreases and re-
actance (Xc) moves along the Cole’s semicircle on the R-Xc
plane.
Results. The Cole’s semicircles progressively enlarged and
moved to the right on the R-Xc plane following fluid removal
(increase in both R and Xc values at any given frequency). Xc
values at 5 kHz (expected values close to 0 Ohm) were 70%
of the maximun Xc, indicating an intracellular current flows
at low frequencies. The correlation coefficient between R at
50 kHz (standard frequency) and R at other frequencies ranged
from 0.96 to 0.99, and the correlation coefficient between Xc at
50 kHz and Xc at other frequencies at any time point ranged
from 0.65 to 0.99.
Conclusion. From high Xc values at low frequency, tissue
anisotropy is inferred. Intra- and extracellular current flow
causes equivalence of information based on functions of R and
Xc measurements made at 50 kHz versus other frequencies.
Bioelectrical impedance analysis (BIA) is a noninva-
sive method of body composition analysis. Impedance
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is represented with a complex number (a point) in the
real-imaginary plane (Z vector), that is a combination of
resistance, R (i.e., the opposition to flow of an alternating
current through intra- and extracellular ionic solutions,
representing the real part of Z) and reactance, Xc (i.e.,
the capacitative component of cell membranes and or-
ganelles, and tissue interfaces, representing the imaginary
part of Z) [1–4].
BIA methods for body composition analysis
Although impedance is an electrical property of tissues
that can be directly utilized in body composition anal-
ysis, it is commonly embedded in predictive equations
that are derived by correlation with criterion measures of
body compartments. Literature is divided along 4 meth-
ods of body composition analysis based on impedance.
The first and the most validated is prediction of to-
tal body water (TBW) with functions of 50-kHz single-
frequency impedance (either series measures or their
parallel equivalents, mostly neglecting the Xc compo-
nent) [4–9]. The second is prediction of extracellular
water (ECW) and TBW with functions of low (1–
5 kHz)- and high (100–500 kHz)-frequency impedance
(dual- or multiple-frequency BIA), with the intracellular
water (ICW) calculated by difference [10–12]. The third
is use of many impedance measurements (1 to 1000 kHz)
through bioimpedance spectroscopy (BIS) following the
Cole’s model approach (i.e., extrapolating R values at
limit frequencies) for prediction of TBW, ECW, and ICW
[13–17] (Figs. 1 and 2). The fourth is use of the direct
impedance vector measurement (both R and Xc compo-
nent) at 50 kHz in a probabilistic graph (vector BIA with
the RXc graph). Vector BIA is a stand-alone method of
body composition analysis, where the continuous, bivari-
ate, random vector of impedance is evaluated through an
ordinal scale (tolerance interval percentiles) of the de-
viation from a reference population. Body composition
is then evaluated through patterns of vector distribution
with respect to the reference percentiles [18–21].
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Fig. 1. The semicircle of the Cole’s model for cell suspension is utilized
in body composition analysis. The curve formed by Z vectors on the R-
Xc plane (impedance locus) is a semicircle with a depressed center (see
Fig. 2). At the extrapolated zero frequency limit resistance, R0, current
would only flow through the extracellular water solution. The current
frequency at which Xc reaches the maximum is the characteristic fre-
quency (Fc). At the extrapolated infinite frequency limit resistance, R∞,
the current would flow through both intra- and extracellular water solu-
tion (total body water compartment). The model is not appropriate for
human tissues due to their anisotropy (longitudinal conduction of part
of low frequency current through muscle cells), which transforms R0
into a random sum of extra- plus intracellular resistance. R, resistance;
Ri, intracellular R; Xc, reactance.
Errors in BIA and BIS equations
The prediction error of BIA and BIS equations is the
sum of 5 errors, namely the impedance measurement er-
ror, the regression error (standard error of the estimate
against the reference method), the intrinsic error of the
reference method (assumptions and measurement error
of dilution reference methods and models), the electric-
volume model error (anisotropy of tissues and human
body geometry other than one cylinder), and the biolog-
ical variability among subjects (different body composi-
tion and body geometry) [3, 9].
In contrast, measurement validity is only required for
vector BIA that needs to take care of the measurement
error and of the biological variability of subjects [20].
Impedance measurements are made with a 2% to 3%
precision error [3, 4, 8, 16, 17]. BIA and BIS equations
are validated against dilution methods that have their
relevant error, dependent on isotope and compartment,
but greater than 3% to 6% [3, 15–17]. For instance, the
ratio of ECW/TBW ranged from absurd values of −0.3 to
2.1 following infusion of lactated Ringer’s solution [16].
Hence, in addition to costs, low precision prevents clinical
utilization of dilution reference methods and models [3,
16, 17].
Although tissue anisotropy (current conduction is not
constant in different direction; see Appendix) [1–3, 22]
severely impairs validity of BIS in the clinical setting, a
panel of BIA experts recommended the utilization of BIS
in estimating TBW, ECW, and ICW also in altered fluid
distribution. The panel discouraged doctors from using
50 kHz, single-frequency BIA [23].
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Fig. 2. Effect of between-subject variability of R and Xc on both po-
sition and size of an individual Cole’s semicircle. In literature, R0 and
R∞ are derived “without error” from an individual semicircle (e.g., the
thick semicircle). Considering independent random errors for both R
(horizontal shift of the center, mean R ± 2SD, 95% interval) and Xc
component (vertical shift of the center, mean Xc ± 2SD, 95% interval),
both circle position and extension dramatically change on the R-Xc
plane. Xc at the characteristic frequency (Fc) is represented with an
open dot in the vault of each arc. As circles enlarge due to circle mi-
gration from left to right, the migration trajectory of individual vectors
on the semicircles is linear. Smaller versus larger circles correspond
to a more versus less hydrated status as a progressive tissue dehydra-
tion increases tissue impedance (real data in Fig. 4). R, resistance; R0,
resistance at 0 frequency; R∞ at infinity; Xc, reactance.
In this study, using tissue anisotropy as working
hypothesis, we wanted to prove that single-frequency
50 kHz-impedance measurements provide the same in-
formation as BIS and multifrequency BIA during fluid
removal with hemodialysis (HD). To this end, we assessed
measurement validity (construct and content validity) of
impedance vector at 50-kHz frequency versus other fre-
quencies during fluid removal with HD.
METHODS
Hypothesis
In principle, tissue anisotropy leads to equivalence
(meaning similar predictive accuracy) between informa-
tion provided by single-frequency 50-kHz impedance
measurements versus other frequencies, as part of the
current at any frequency flows through extra- and in-
tracellular ionic solutions of soft tissues. We tested this
hypothesis of equivalence assessing measurement valid-
ity (construct and content validity) of BIS versus 50-kHz
frequency impedance, considering both steady state and
fluid removal with HD (Fig. 2).
Construct validity of BIS (the measurement corre-
sponds to theoretical expectations) was checked by look-
ing at the distribution of Xc at the lowest frequencies,
where Xc values were expected both to approach zero
(where current flow would only be extracellular), and
to be lower than Xc values at the highest frequencies
(where impedance becomes progressively independent
on cell membrane capacitance). Also, conflicting indica-
tions about ICW and ECW changes during dialysis were
analyzed.
Content validity (the measurement incorporates the
domain of the phenomenon under study) was checked
by comparing the amount of information provided by
BIS with respect to 50-kHz measurements (correlation
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between R and Xc measurements at extreme frequencies
versus R and Xc measurements at 50 kHz).
Study design and population
This was a cross-sectional, observational study in main-
tenance HD patients.
A group of 68 (48 men and 20 women) Caucasian, adult,
uremic patients undergoing chronic HD from 6 months
or longer (University Hospital in Padua, Italy) gave their
informed consent to the study following approval of the
local ethical committee. They were treated with thrice
weekly, 210 to 240 minutes, standard bicarbonate HD
(500 mL/min flow rate, Na 140 mEq/L, K 2 mEq/L, bi-
carbonate 31 mEq/L, Ca 3.5 mEq/L, Mg 0.7 mEq/L).
Natremia at the start of the session was below or above
140 mEq/L in 48 (127 to 140 mEq/L) and 20 patients (140
to 156 mEq/L), respectively. Patients with amputations
or metal implants, with cardiac (New York Heart Asso-
ciation class III or higher), pulmonary, or hepatic failure
were excluded from the study.
Bioimpedance measurements
Bioimpedance measurements were obtained imme-
diately before (0 min), during the session at 60, 120,
180, 240 minutes, and immediately after the HD ses-
sion. Whole-body (hand-foot) impedance was measured
on ispilateral limbs free from vascular access and fol-
lowing the standard tetrapolar method described else-
where [4–6]. Adhesive, pregelled electrodes (Q-trace
5400; Kendall-LTP, Chicopee, MA, USA) were not re-
moved from the skin during the dialysis session. Body
weight (bed-scale with 50 g sensitivity), blood pressure,
and pulse rate were recorded at the same time points.
Subjects’ height (H) was measured before the session.
In this report we present data collected before the ses-
sion and at 60, 120, and 180 minutes, which were available
in all patients, including those undergoing 210-minute
treatments.
Multiple frequency and spectral impedance mea-
surements were obtained with SEAC SFB3 multi-
ple frequency bioimpedance meter (UniQuest-SEAC,
Brisbane, Australia) operating with an alternate current
of 0.190 mA, and performing measurements on 496 fre-
quencies in the range 4 to 1024 kHz, including a mea-
surement at 50 kHz. Two runs of measurements were
performed and recorded for BIS in 30 seconds. The soft-
ware provided by the manufacturer allowed data transfer
to computer, raw data presentation by frequency (R and
Xc, or Z magnitude and phase angle at each frequency,
including 50 kHz).
Bioimpedance data analysis
BIS and multifrequency BIA. The SEAC software al-
lowed the impedance spectrum fit according to the Cole
model (semicircular locus in the R-Xc plane with sup-
pressed center). The impedance semicircle was fitted ac-
cording to nonlinear least squares fitting procedures (root
mean square error of predicted vs. observed Xc, as an
indicator of goodness of fit) [14, 15, 24]. One opera-
tor (M.G.) performed visual check of goodness of fit of
the impedance semicircle through the 496-point vectors
recorded at different frequencies in every set of measures.
Two runs of 496 frequencies were available in all 68 pa-
tients for each of the 4 time points (0, 60, 120, and 180 min)
per patient-session, for a total of 544 scattergrams. As the
root mean square error criterion utilized by the software
is only sensitive to very bad fitting, we ranked goodness
of fit according to a 6-point scale based on number and
distance of points far from the fitting semicircle: score
5 = very good fit despite up to 3 points far from the fit-
ting circle (75.2% of plots), score 4 = good fit, despite
more than 3 points far from the fitting circle (12.4%),
score 3 = bad fit at low frequencies (6.6%), score 2 =
bad fit at middle frequencies (1.5%), score 1 = bad fit at
high frequencies (2.9%), and score 0 = impossible fitting
message from software due to high dispersion of vectors
at all frequencies around the circle (1.4%). We excluded
from statistical analysis 1 patient out of 68, with score 0.
Therefore, we considered 268 semicircles for the sta-
tistical analysis, 1 semicircle for each of the 4 time points
of the 67 patients (using either the first fitting of the 2
available runs with a comparable score, or the fitting with
the higher score).
For the statistical analysis, in addition to the extrapo-
lated, limit R values of BIS, Ro, and R∞, we also consid-
ered the measured vector components R and Xc at 5, 50,
100, 300 kHz, and at the Fc (i.e., the frequency where Xc
reaches the maximum) for each of the 268 data sets. Ri
was calculated as 1/Ri = 1/R∞ − 1/Ro (see Appendix).
Valid Xc values >0 were recorded in the range of fre-
quencies between 5 and 300 kHz (with 2 and 1 exception,
respectively), which were considered the lowest and high-
est frequencies to be utilized for statistical analysis before
the limit frequencies of zero and infinity, respectively.
BIS estimates of TBW, ECW, and ICW were provided
by the SEAC software according to the Cole and Hanai
models, whose equations are described and justified else-
where [3, 14, 15].
Single frequency BIA at 50 kHz
Conventional BIA. TBW estimate (L) using the
impedance measurement at the fixed frequency of 50 kHz
was calculated with the sex-specific, regression equations
4 and 5, which have been recently validated (multicom-
ponent model) in a large population by Sun et al, with
a SEE of 3.8 (bias 0.5) and 2.6 L (bias 0.3) for healthy
males and females, respectively [7]:
TBW, in males = 1.203 + 0.449 H2/R
+ 0.176 weight (Equation 4)
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Table 1. Characteristics of hemodialysis patients
Men Women All subjects
N = 47 N = 20 N = 67
Mean SD Mean SD Mean SD
Age years 66.0 13.0 68.0 13.0 67.0 13.0
Dialytic age years 2.0 1.9 3.6 9.0 2.5 5.1
Stature cm 170.3 7.2 159.7 5.2 167.1 8.3
Average body weight kg 71.1 12.2 59.5 9.9 67.6 12.7
Average BMI kg/m2 24.5 4.2 23.4 4.1 24.2 4.2
Weight loss (60 min) kg 0.9 0.3 0.8 0.3 0.9 0.3
Weight loss (120 min) kg 1.8 0.5 1.7 0.5 1.7 0.5
Weight loss (180 min) kg 2.5 0.7 2.3 1.2 2.5 0.7
TBW, in females = 3.747 + 0.450 H2/R
+ 0.113 weight (Equation 5)
Vector BIA. Bioelectrical impedance vector analysis
(BIVA or vector BIA) was performed with the RXc graph
method [18–20]. An impedance measurement made at 50
kHz is considered a bivariate, normal, random vector with
2 correlated components, R and Xc (a point in the R-Xc
plane) [25]. In an RXc graph, point vectors are plotted on
the reference, sex-specific, bivariate, 50%, 75%, and 95%
tolerance intervals of the impedance vector normalized
by the subject’s height [Z/H = (R/H, Xc/H), in Ohm/m].
These intervals are the ellipses within which the vector
of an individual subject falls with a probability of 50%,
75%, and 95%, respectively. We utilized the reference
ellipses derived from the healthy Italian population that
are available in literature [19].
Statistical methods
The programs of the statistical package BMDP [26]
were used for standard calculations, including the
Hotelling’s T2 test [25] for mean vector comparison (Pro-
gram 3D), the repeated-measures analysis of variance
(RM-ANOVA, Program 2V), and the linear correlation
coefficient r (Program 6D). A test P level of less than 0.05
was considered as statistically significant.
RESULTS
Characteristics of the 67 HD patients (47 men, and 20
women) are reported in Table 1. One out of the original
68 patients was excluded from statistical analysis because
of the impossible fitting of his Cole’s arc.
During the first 180 minutes of the HD session, 2.5 kg
of fluid was removed (0.9 kg/h during the first and second
hour, and 0.7 kg/h during the third hour) (Table 1, Fig. 3).
Vector migration with fluid removal
Parameters of mean impedance vector displacement
during the HD session are reported in Table 2.
The average semicircle of the Cole’s model progres-
sively enlarged and moved to the right on the R-Xc plane
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Fig. 3. Mean values of resistance R at limit current frequencies (R0
and R∞, at zero and infinity), and at 50 kHz in patients starting the ses-
sion with natremia below 140 mEq/L (127 to 140 mEq/L, open symbols)
or above 140 mEq/L (140 to 156 mEq/L, solid symbols). Variability of
R0, as standard error of the mean (SEM) was 16 and 25 Ohm, SEM
of R∞ was 13 and 21 Ohm, and SEM of R50kHz was 14 and 21 Ohm
for low and high natremia, respectively. All mean profiles significantly
increased over time (P < 0.001, RM-ANOVA) without difference be-
tween groups with low versus high natremia. Sodium concentration in
dialysis fluid was 140 mEq/L during the entire session for all subjects.
Stars shown at the bottom depict fluid removal (ultrafiltration, UF)
during the hemodialysis session (SEM 0.5 kg).
(with a progressive downsloping of the negative Xc co-
ordinate of the center) following fluid removal with HD
(Tables 2 and 3, Fig. 4). Hence, both R and Xc values
progressively increased at any measured frequency. In
particular, mean R values, significantly, linearly increased
with time both at the limit frequencies, Ro and R∞, and
at 50 kHz (Fig. 3) (P < 0.001, RM-ANOVA).
The Fc decreased by 5 kHz (34 to 29 kHz) over
3 hours, indicating a small counterclockwise rotation of
impedance spectra with time. As this rotation was asso-
ciated with increasing circle diameter, the difference be-
tween Xc at Fc and at 50 kHz was negligible, between 1.0
and 2.7 Ohm (Table 2, Fig. 4).
There was no significant difference between R profiles
over time of patients starting the session with natremia
above (140 to 156 mEq/L) versus below 140 mEq/L (127
to 140 mEq/L) (Fig. 3) (RM-ANOVA).
Electric volume change versus fluid removal
In BIS methodology, impedance measurements are
transformed by model equations into electric volumes
of body fluid compartments, assuming that free fluid in
vessels opposes the same impedance as extracellular fluid
in tissues (gel fluid). During HD, tissue impedance is also
changing over time due to vascular refilling. Neverthe-
less, following the traditional approach of BIS literature
we calculated body fluid volumes during fluid removal as
in the steady state before the session.
As a consequence of increasing R∞ and Ro values,
both TBW and ECW significantly decreased with time
(P < 0.001, RM-ANOVA), either as absolute volume
(by 2.38 kg for the TBW, and by 1.98 kg for the ECW)
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Table 2. Mean values with standard deviation (SD) of measured impedance vector components at different frequencies, of Cole’s semicircle
parameters [center, radius, characteristic frequency (Fc)], and of extrapolated Ro, R∞, and Ri values
Pre-HD 60 min 120 min 180 min All time points
Mean SD Mean SD Mean SD Mean SD Mean SD
Center, R,  513.0 90.2 535.8 92.8 568.1 95.7 594.7 104.7 553.7 100.5
Center, Xc,  −37.8 11.1 −42.6 15.3 −48.0 15.5 −52.3 15.0 −45.3 15.3
Radius,  76.3 20.1 84.6 25.8 94.3 27.2 102.1 27.3 89.6 27.0
Ro,  579.3 99.5 608.8 104.0 649.2 106.9 682.2 117.9 630.8 113.7
R 5 kHz,  550.9 91.3 578.8 97.7 614.3 100.4 644.2 110.1 597.9 105.7
R 50 kHz,  507.6 88.1 526.8 90.8 554.4 93.1 577.8 100.9 542.3 96.7
R 100 kHz,  487.6 86.2 505.6 89.0 532.2 91.5 554.1 99.0 520.5 94.6
R 300 kHz,  460.7 83.9 477.6 85.5 503.2 89.0 523.1 95.2 491.7 91.2
R∞,  446.9 83.5 462.8 85.4 487.1 89.1 507.2 95.6 476.6 91.0
Ri,  2065.6 717.2 2059.3 710.5 2090.0 757.1 2100.6 737.1 2079.2 726.9
Xc 5 kHz,  25.6 10.3 29.4 12.1 31.0 12.9 36.1 11.0 30.6 12.2
Xc at Fc,  38.5 9.9 42.0 11.7 46.2 12.9 49.8 13.9 44.2 12.9
Xc 50 kHz,  37.5 9.6 40.5 11.2 44.3 12.1 47.1 12.7 42.4 12.0
Xc 100 kHz,  33.3 7.9 35.5 9.3 38.1 9.9 40.0 10.1 36.8 9.6
Xc 300 kHz,  18.1 5.1 19.1 7.0 20.2 7.9 20.3 7.3 19.5 6.9
Fc, kHz 33.9 6.1 32.1 5.7 30.1 5.2 28.9 7.4 31.2 6.4
Abbreviations are: R, resistance; Ri, intracellular R; Xc, reactance.
R at Fc is the same as Center’s R.
Table 3. Mean values with 95% confidence interval (CI) of measured and extrapolated impedance vector components at extreme current
frequencies
Pre-HD 60 min 120 min 180 min All points
Ro,  Mean 577.3 608.8 649.2 682.2 630.8
95% CI 554–604 583–634 623–675 653–711 617–645
R 5 kHz,  Mean 550.9 578.8 614.3 644.2 597.9
95% CI 528–574 555–603 590–639 617–671 585–611
R 300 kHz,  Mean 460.7 477.6 503.2 523.1 491.7
95% CI 439–482 457–499 481–525 500–546 481–503
R∞,  Mean 446.9 462.8 487.1 507.2 476.6
95% CI 423–468 442–484 465–509 484–530 465–488
Xc 5 kHz,  Mean 25.6 29.4 31.0 36.1 30.6
95% CI 23–28 26–32 28–34 33–39 29–32
Xc at Fc(29–34 kHz),  Mean 38.5 42.0 46.2 49.8 44.2
95% CI 36–41 39–45 43–49 46–53 43–46
Xc 300 kHz,  Mean 18.1 19.1 20.2 20.3 19.5
95% CI 17–19 17–21 18–22 19–22 19–20
Xc5kHz: Xc300kHz 1.41 1.54 1.53 1.78 1.57
Xc5kHz: Xc Fc 0.66 0.70 0.67 0.72 0.69
Abbreviations are: R, resistance; Xc, reactance; Fc, characteristic frequency.
or as fractional hydration (1.7% for TBW and 2.5% for
ECW, Fig. 5) without significant difference between pa-
tients starting the session with natremia above or below
140 mEq/L (Fig. 5).
ICW volume slightly decreased over time (by 0.40 kg,
P = ns), following the late increase in Ri after 120 min-
utes (Table 2). ICW as a fraction of TBW significantly
increased with time by 2.5% (P < 0.001), without signifi-
cant difference between patients starting the session with
natremia above or below 140 mEq/L (Fig. 5).
The correlation coefficients between TBW, ECW, and
ICW changes versus the amount of fluid removal during
the session were 0.42 (P = .001), 0.58 (P <.001), and 0.10
(P = ns), respectively.
The correlation between TBW estimates with BIS ver-
sus Sun’s formula (R at 50 kHz) was r = 0.94 (P <.001).
The correlation between fluid removal versus change in
TBW with Sun’s formula was r = 0.54 (P <.001). Finally,
the correlation between TBW changes calculated by BIS
versus Sun’s formula was r = 0.71 (P <.001).
Inequalities of Xc values by current frequency
Low frequencies. Xc measurements at 5 kHz were ex-
pected to be close to zero due to the postulated, negligible
capacitative component of cell membranes (current path
only extracellular in the Cole’s model) (Figs. 1 and 2). In
contrast, Xc values at 5 kHz were not only greater than
zero (lower 95% confidence limit higher than 23 Ohm
at any time point), but they also were as high as 66% to
73% of the maximun Xc that was reached at the Fc (31
to 34 kHz) (Tables 2 and 3, Fig. 4).
High frequencies. Xc measurements at 5 kHz were ex-
pected to be smaller than Xc values at 300 kHz, where the
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Fig. 4. A Cole’s semicircle (mean of all patients) is depicted for every
time point of the dialysis session (details in Table 2). As a progressive tis-
sue dehydration increases tissue impedance, circles enlarge and migrate
from left to right. The migration trajectory of average vectors with time
is linear for each current frequency. Z vectors are indexed by current
frequency and represented with different symbols (5 kHz by triangles,
Fc by open dots, 50 kHz by solid dots, 100 kHz by ×, and 300 kHz by
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Fig. 5. Mean values of total body water (TBW) as a percentage of the
body weight (body hydration fraction), and of both extracellular water
(ECW) and intracellular water (ICW) as a percentage of the TBW.
TBW and ECW were estimated from R∞ and R0, respectively (Fig. 3)
according to the Cole’s model (see Appendix). Sodium concentration
in dialysis fluid was 140 mEq/L during the entire session for all subjects.
Patients starting the session with natremia below or above 140 mEq/L
are indicated with open and solid symbols, respectively. The change
over time in TBW, ECW, and ICW was statistically significant (P <
0.001, RM-ANOVA) without a significant difference between groups
of natremia (details in the text). Variability of TBW as standard error of
the mean (SEM) was 0.95 and 1.4%, and SEM of both ECW and ICW
was 0.8% and 1.2% for low and high natremia groups, respectively.
capacitative component of cell membranes is predicted
by the Cole’s model to be progressively decreasing (Figs. 1
and 2). In contrast, Xc values at 5 kHz were greater than
Xc at 300 kHz (by 1.39 to 1.78 times), with a separate 95%
confidence interval at any time point (lower 95% confi-
dence limit of 23 Ohm at 5 kHz vs. upper 95% confidence
limit of 22 Ohm at 300 kHz; Table 3, Fig. 4).
Therefore, contrary to expectation of the Cole’s model,
the observed profile of Xc values at 5 kHz indicated a
huge contribution of dielectric properties of cells, consis-
tent with tissue anisotropy (i.e., definite contribution of
intracellular current flows at low frequencies).
Table 4. Matrix of simple, linear correlation coefficients (r) between
impedance vector components, R and Xc, measured at 50 kHz versus
other frequencies
Pre-HD 60 120 180 All time
r min r min r min r points r
R 50 kHz versus
Ro 0.978 0.969 0.964 0.966 0.966
R 5 kHz 0.965 0.982 0.981 0.980 0.980
R at Fc (29–34 kHz) 0.997 0.996 0.995 0.994 0.994
R 100 kHz 0.998 0.998 0.998 0.998 0.998
R 300 kHz 0.995 0.994 0.994 0.994 0.994
R∞ 0.990 0.984 0.983 0.987 0.987
Xc 50 kHz versus
Xc 5 kHz 0.676 0.740 0.710 0.774 0.774
Xc at Fc (29–34 kHz) 0.995 0.994 0.994 0.994 0.994
Xc 100 kHz 0.987 0.985 0.983 0.982 0.982
Xc 300 kHz 0.781 0.780 0.771 0.649 0.649
Abbreviations are: R, resistance; Xc, reactance; Fc, characteristic frequency.
Inequalities of R values by current frequency
Low frequencies. R measurements at 5 kHz did not
significantly differ from Ro, as expected if the current
path was only extracellular (Table 3, Figs. 1, 2, and 4).
High frequencies. R measurements at 5 kHz were sig-
nificantly higher than both R at 300 kHz and R∞, with
separate 95% confidence intervals at any time point. Con-
sistently, the 95% confidence intervals of R∞ and R at
300 kHz were overlapping at any time point (Table 3,
Fig. 4).
Therefore, in agreement with the Cole’s model, ex-
treme, measured R values at 5 kHz and 300 kHz matched
their limit frequency values of Ro and R∞, respectively,
consistent with different current flow paths at extreme
frequencies.
Correlation of impedance at different frequencies
The matrix of simple, linear correlation coefficients (r)
between individual vector components, R and Xc, mea-
sured at 50 kHz versus components measured at 5 kHz,
Fc (31 to 34 kHz), 100 kHz, and 300 kHz is reported in
Table 4 and Figures 6 to 10 (Xc values at zero and infinity
are zero, by definition).
The correlation coefficient between R at 50 kHz and R
at other frequencies ranged from 0.964 (r2 = 93%, with
Ro) to 0.998 (r2 = 99.6%, with R at 100 kHz) at any time
point during the session. Geometrically, as expected by
circle properties, there was a clockwise rotation of re-
gression lines from the left to the right of the identity line
(regressions with frequencies <Fc lay on the left of the
identity line), indicating that different, proportional lev-
els of the same physical phenomenon were measured at
different frequencies (Figs. 6 to 8) [27]. In other words,
statements on body composition based on functions of R
measurements made at 50 kHz are equivalent to those
based on other frequencies because they are tightly cor-
related with each other along straight lines (property of
linear transformation of random variables).
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Fig. 6. Scattergram of R values at zero (r = .97, P < .001, y = 12.7 +
1.14x, SEE = 28.1 Ohm) and 5 kHz (r = .98, P < .001, y = 18.2 + 1.07x,
SEE = 22.2 Ohm) versus R values at 50 kHz. Both regression lines lie
on the left of the identity line.
300 400 500 600 700 800 900 1000 1100
R50, ohm
300
400
500
600
700
800
900
1000
1100
R
,o
hm
R50 vs. R Fc
R50 vs. R100
Fig. 7. Scattergram of R values at the characteristic frequency (Fc)
(r = .99, P < .001, y = −7.2 + 1.03x, SEE = 9.6 Ohm) and at 100 kHz
(r = .99, P < .001, y = −9.1 +.98x, SEE = 5.4 Ohm) versus R values
at 50 kHz. The regression lines lie on both the left (R at Fc) and the
right (R at 100 kHz) of the identity line.
The correlation coefficient between Xc at 50 kHz and
Xc at other frequencies (5 kHz, Fc, 100 kHz, and 300 kHz)
ranged from 0.649 (r2 = 42%) to 0.995 (r2 = 99%), with
a definite gap in the correlation strength between Xc at
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Fig. 8. Scattergram of R values at 300 kHz (r = .99, P < .001,
y = −17.1 +.94x, SEE = 9.7 Ohm) and 5 at infinity (Rinf)
(r = .99, P < .001, y = −27.2 +.93x, SEE = 14.9 Ohm) versus R values
at 50 kHz. Both regression lines lie on the right of the identity line.
50 kHz and Xc at either Fc or 100 kHz (0.982< r <0.995)
versus Xc at either 5 or 300 kHz (0.649< r <0.781) (Figs. 9
and 10). The moderate correlation with Xc measurements
at the extreme frequencies (5 and 300 kHz) might be
due to a larger measurement error, to a variable tissue
anisotropy effect, or to their combination.
Therefore, statements on body composition based on
functions of Xc measurements made at 50 kHz can be
considered equivalent to those based on frequencies be-
tween Fc (31 to 34 kHz in this population) and 100 kHz.
Overcoming BIS limitations with vector BIA
In BIS methodology, TBW, ECW, and ICW volumes
are estimated as deterministic quantities using R∞, Ro,
and Ri values that are derived by extrapolation from the
fitting procedure of the Cole’s model (Fig. 1). Reference
intervals are not available in literature for R∞, Ro, and Ri
at any age. Between-subject variability is considered for
the final TBW, ECW, and ICW distributions, which could
be utilized with a big prediction error for classification of
hydration status into normal or abnormal with respect to
norms for TBW, ECW, and ICW. Between-subject vari-
ability of these volume estimates includes error sources
due to model assumptions, criterion method, and vali-
dation equations (Fig. 2) [3, 9, 17]. Factors influencing
body composition cause a circle displacement on the R-
Xc plane leading to change in the arc extremes, R∞ and
Ro (hence, of Ri), but also of all other vectors at any
frequency because their locus is the same circle (Fig. 4).
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Fig. 9. Scattergram of Xc values at the characteristic frequency (Fc)
(r = .99, P < .001, y = −1.1 + 1.07x, SEE = 1.4 Ohm) and 100 kHz
(r = .98, P < .001, y = 3.2 +.79x, SEE = 1.7 Ohm) versus Xc values at
50 kHz. The regression lines lie on both the left (Xc) and the right (Xc
at 100 kHz) of the identity line.
In Figure 11 we transformed the 50 kHz vector from an
arc point into a random vector using vector BIA method-
ology, where an individual, random vector position is
compared with both the mean vector position and the
between-subject variability of vectors from the reference
population (RXc graph). The 95%, 75%, and 50% tol-
erance ellipses (from Italian healthy population [19]) in-
dicate the sex-specific, reference intervals for an individ-
ual random vector (normalized by the stature, Z/H in
Ohm/m) at 50 kHz. In the figure, dots represent the mean
point vectors of dialysis patients (0, 60, 120, 180 min),
plotted on their Cole’s arc (i.e., the Z50 dots in Fig. 4).
Compared to male patients, Cole’s arcs from women
were larger and more translated to the right, although
they were normalized by the subject’s height. Mean vec-
tors at 50 kHz were longer in women at any time point
(Hotelling’s T2 test), but their position in the RXc graph
followed a same pattern, indicating a comparable hydra-
tion status in men and women during the HD session. In
either gender, the trajectory of vector displacement was
parallel to the major axis of the tolerance ellipses, migrat-
ing from between the lower poles of the 50% and 75%
ellipses (at 0 min) toward the small axis of ellipses within
the median ellipse (at 180 min).
Therefore, we got evidence that in monitoring tis-
sue hydration during fluid removal with HD, no loss of
information occurred only considering single-frequency
50 kHz-impedance vector displacement, while no addi-
tional valid information was provided by limit frequen-
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Fig. 10. Scattergram of Xc values at 5 kHz (r = .75, P < .001, y = −1.6
+.76x, SEE = 8.1 Ohm) and 300 kHz (r = .73, P < .001, y = 1.5 +.42x,
SEE = 4.7 Ohm) versus Xc values at 50 kHz. Both regression lines lie
on the right of the identity line, with Xc values at 5 kHz higher than Xc
at 300 kHz (conditional to 50 kHz).
cies at zero and infinity. Estimates of ECW and ICW
provided by BIS equations were apparently artifacts, de-
pendent more on model assumptions and number han-
dling than on information from limit impedance values.
DISCUSSION
Bioimpedance measures have been utilized in body
composition analysis since the 1980s in both epidemi-
ologic (population) and clinical (individual) settings.
Different BIA approaches aim to transform electrical
properties of tissues into clinical information.
In literature, there is discussion about which body
compartments can be estimated by BIA methods. Body
impedance is generated by the ionic solutions of tissues
when an alternate current in the range of 1 to 1000 kHz is
injected with available biomedical devices. Most authors
agree that at the lowest frequencies, part of the current
still passes through cells (i.e., extracellular plus intracel-
lular path), and that at the highest frequencies, part of the
current still cannot fully penetrate all cells (i.e., extracel-
lular plus intracellular path) [1–3, 9, 14–17, 22, 23]. The
obvious conclusion would be that body impedance specif-
ically reflects the electric volume of intra- and extracellu-
lar ionic solutions of tissues (soft tissue hydration status),
which can be possibly considered a proxy of TBW volume
as determined by dilution reference methods and models.
Instead, TBW, ECW, and ICW volumes are estimated,
assuming that the current path is only extracellular at
the lowest frequencies (negligible intracellular path), and
that it is total body at the highest frequencies, with ICW
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Fig. 11. The 95%, 75%, and 50% toler-
ance ellipses that are available for the Ital-
ian healthy population [19] indicate the sex-
specific reference intervals for an individual
random vector (normalized by the stature,
Z/H in Ohm/m) at 50 kHz, and point vec-
tors represent the mean vectors of dialysis pa-
tients, plotted on their hourly Cole’s arc (i.e.,
the Z50 dots in Fig. 4). Vectors at 50 kHz are
close to the vault of the semicircles where
characteristic frequency vectors lie (ZFc, in
Fig. 4) (i.e., the midpoint between R0 and
R∞). Compared to male patients, Cole’s arcs
from women were larger and more translated
to the right (longer 50 kHz mean vectors at a
same time point, as in the healthy population),
but their position on the RXc graph followed
a similar pattern (comparable hydration sta-
tus) from 0 to 180 minutes, with vector length-
ening parallel to the major axis of the toler-
ance ellipses during fluid removal. Upper and
lower poles of the 75% tolerance ellipses rep-
resent bioelectric thresholds for dehydration
and fluid overload, respectively [20, 40, 44].
In practice, the centripetal property of 50 kHz
vectors toward the vault of the corresponding
Cole’s arc, allows tracking of fluid removal
with a direct comparison of impedance with
reference intervals of the healthy population.
as the difference between them [10–17, 23]. This point is
a matter of assumptions because measurement errors di-
verge at the extreme frequencies [1, 24, 28]. Nevertheless,
in BIS methodology, the extrapolation from measured to
the limit, zero, and infinity frequencies is utilized in the
hope of overcoming the technical problem. But, as out-
lined in the Appendix, tissue anisotropy prevents a reli-
able determination of the extracellular electric volume,
which impairs both construct and content validity of BIS
methodology.
We wanted to prove that in monitoring tissue hydra-
tion during fluid removal with HD, no loss of informa-
tion occurs, only considering single-frequency, 50 kHz,
impedance vector displacement, whereas no additional
information is provided by limit frequencies at zero and
infinity, and that estimates of ECW and ICW provided
by BIS equations are the product of model assumptions
and numeric handling of Ro and R∞.
We recorded the impedance spectrum in 67 patients be-
fore and hourly during a HD session, and demonstrated
that, following fluid removal, the impedance semicircle
progressively enlarged and moved to the right on the R-
Xc plane. As a geometric consequence, both R and Xc val-
ues progressively increased at any measured frequency,
inducing migration of Z vectors along linear trajectories
with time (Fig. 4). In particular, mean R values linearly
increased with time, both at the limit frequencies, Ro and
R∞, and at 50 kHz (Fig. 3).
Content validity of BIS versus vector BIA
We evaluated content validity of BIS versus single fre-
quency BIA through linear correlation analysis of their
impedance measurement distributions. Indeed, a high
correlation coefficient (i.e., one measurement can be pre-
dicted from the other along any straight line) represents
the necessary condition for agreement (meaning inter-
changeability of measurements from 2 methods, with
points lying along the line of equality) [27]. If information
from BIS was different from that at 50 kHz, the correla-
tion should have been poor.
The correlation coefficient between R at 50 kHz and
R at limit frequencies ranged from 0.964 with Ro to
0.990 with R∞ at any time point during the session.
This means that more than 93% of R variability at limit
frequencies could be accounted for by R variability at
50 kHz (Figs. 6 and 8), which means stochastic equiv-
alence (through adaptation of partial regression coeffi-
cients) between predictions based on R measurements
at 50 kHz and those based on limit frequencies. Similar
conclusions were previously reached in smaller samples,
and in the steady state of healthy subjects [16, 28] and
surgical patients [12, 13].
The correlation between TBW estimates with BIS ver-
sus Sun’s equation at 50 kHz was high (r = 0.94). Mod-
erate correlation coefficients (0.42< r <0.53) were found
between the observed ultrafiltration volume and changes
in TBW estimated with either BIS or with Sun’s equa-
tion. In literature, the correlation between the observed
and estimated fluid removal/infusion is moderate with
any BIA method [29, 30, 32]. During a HD session, fluid
removal from vessels with ultrafiltration is faster than vas-
cular refilling (fluid suction from tissues against a negative
interstitial pressure) [31]. The splanchnic and cutaneous
blood flow beds have the greatest ability to change their
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capacity (80% of the total blood volume) and compen-
sate for fluid removal. The contribution to whole-body
impedance is in the order of 10% for the trunk (tho-
rax and abdomen with big vessels) versus 90% of limbs
(soft tissue supporting the peripheral vascular refilling)
[1, 2]. Therefore, because impedance reflects soft tissue
hydration of limbs, which follows intravascular fluid re-
moval with some time delay, only moderate correlations
can be found between observed and BIA-estimated fluid
removal in the same period of time. Even dilution meth-
ods are of no help in acute fluid change [3, 16]. For in-
stance, the change in body weight was used instead of
dilution reference methods as criterion method in acute
fluid change, since the low precision of diluiton methods
would have led to absurd indications (e.g., no increase in
TBW, a loss of 0.5 kg ECW, and a loss in ICW following
infusion of 2000 mL lactated Ringer’s solution) [16].
A greater validity of BIS estimates of TBW and its com-
partments is postulated (electric models) but not proved
in literature, where several results are either of little clin-
ical help or even disappointing [13–15, 23, 29, 30, 32–36].
Indeed, the general accuracy of prediction equation is
good with all BIA methods, but without any clinical ad-
vantage of BIS compared to either multi-frequency or
single-frequency, possibly because the prediction error of
equations cannot be lowered [3, 7–17, 23, 28–30, 32–35].
To further demonstrate the equivalence of information
from the different BIA approaches, we documented an
interesting, centripetal property of 50 kHz vectors with
respect to Cole’s semicircles. During fluid removal of
2.5 kg, semicircles enlarged, and the Fc decreased from 34
to 29 kHz indicating a little, 5 kHz counterclockwise rota-
tion of impedance spectra with time. The combination of
both changes led to a negligible difference between Xc at
Fc versus 50 kHz (1.0 to 2.7 Ohm), and between R at Fc
(circle center) versus 50 kHz (5 to 17 Ohm) (Figs. 4 and
7). Hence, both center migration and circle enlargement
with time can be directly tracked by vector BIA consid-
ering both R and Xc vector components at 50 kHz (as
RXc graph). The tight correlation between Xc values at
Fc versus 50 kHz (Fig. 9) supports the extension of the
optimal signal-to-noise ratio of Xc measurement made at
Fc versus 50 kHz [1]. In BIS, circle enlargement is implic-
itly utilized in ICW estimation as difference between R∞
and Ro (Fig. 1).
Construct validity of BIS
Anisotropy is large in soft tissues, particularly in mus-
cles, with a low-frequency conductance ratio of 1:8 be-
tween transversal and longitudinal directions [1, 2, 22],
which invalidates BIS equations for ECW, and hence, for
ICW (Fig. 1) (see Appendix). Anisotropy is considered
negligible in BIS literature. If anisotropy was absent or
negligible, Xc values at 5 kHz were zero or very small.
Instead, during dialysis, mean Xc values at 5 kHz were
66% to 73% of the Xc the Fc (Figs. 4 and 10). The pro-
portion of current flowing through cells at any given fre-
quency depends on Fc that is the frequency at which the
effects of cell-membrane capacitance are at a maximum
(acting as imperfect capacitors). Xc values at 5 kHz were
also greater (1.4 to 1.8 times) than Xc values at 300 kHz,
where the capacitative component of cell membranes is
progressively decreasing (Figs. 4 and 10). Therefore, con-
trary to the crucial assumption of the Cole’s model, we
documented a huge contribution of dielectric properties
of cells at 5 kHz frequency, meaning a definite contri-
bution of intracellular current flows at low frequencies
(combined EC and IC current path).
These inequalities in Xc values are depicted in figures
of several articles, including studies in HD, where focus
was on the need for arc extrapolation glossing on validity
assessment [14, 15, 24, 28, 37].
The moderate correlation between Xc at 50 kHz and Xc
measurements at the extreme frequencies (5 and 300 kHz,
Fig. 10) might be due to a larger measurement error (crit-
ical signal-to-noise ratio) [1, 24, 28], to a variable tissue
anisotropy between subjects, or to their combination.
A further check of construct validity of BIS method-
ology was obtained by looking at predicted transcellular
fluid shift in patients undergoing dialysis with different
natremia. Overlapping profiles of Ro and R∞ over time
in patients starting the session with natremia above ver-
sus below 140 mEq/L indicated either no transcellular
fluid shift or no sensitivity of the method (Fig. 3). BIS
model assumptions and numeric handling of R measure-
ments produced a separate, parallel trend in ECW de-
crease (2% more ECW in hypernatremia) and in ICW
increase (2% less ICW in hypernatermia) during the HD
session (constant 140 mEq/L Na concentration) (Fig. 5).
Even assuming that parallel profiles were split by chance
(nonsignificant interaction with time), we found no bi-
ological reason for the significant increase in ICW. No
change [14, 15], an increase [29, 33], as well as a decrease
in ICW [35] after HD have been reported in literature.
Implications for guidelines
A panel of BIA experts recommended the utilization
of BIS in estimating TBW, ECW, and ICW also in al-
tered fluid distribution. The panel justified a limited use
of 50 kHz, single-frequency BIA, parallel model, in esti-
mating body cell mass, while single-frequency BIA, series
model, was ranked as the least useful BIA technique [23].
In contrast, we demonstrated an equivalence of informa-
tion in fluid monitoring during HD, using measurements
at 50 kHz, conventional series circuit, versus BIS with
Cole and Hanai model.
Recently, Grimnes and Martinsen [1] published an ex-
tensive update of bioimpedance models and techniques
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making inconsistent the recommendations of the expert
panel and supporting our results, which can be sum-
marized in the following statements: (1) electric circuit
models do not take into account the difference be-
tween an electronic and an ionic medium (biological
charge carriers cause relaxation processes, and hence,
frequency-dependent capacitance and conductance val-
ues); (2) when constant-amplitude current is applied to
tissues and the corresponding voltage is measured, the
raw data and the measured variable are impedance, but
the same information can be differently presented as
impedance (series circuit models), admittance (parallel
circuit models), or as immittance (combined term for
impedance and admittance); (3) it is impossible to es-
timate the extracellular electric volume of tissues be-
cause an unknown and variable amount of low-frequency
current passes through cells (tissue anisotropy), par-
ticularly through muscle fibers (parallel direction); (4)
in BIS, Hanai’s and Cole’s models (including multiple
Cole systems) are only empirical equations that describe
impedance changes with current frequency in suspended
spherical cells and in several tissues, other than skin, with-
out any correspondence with tissue structure; (5) for any
combination of electrode position, both the influence of
skin impedance and the path of deep current through tis-
sues are frequency dependent. Hence, in BIS, different
proportions of tissues and body segments contribute to
low and high frequency impedance (unreliable determi-
nation of body fluid distribution); (6) BIA with a single
frequency current (e.g., 50 kHz), close to the character-
istic frequency provides the best information at a body
level, as it maximizes the signal-to-noise ratio (maximal
Xc values in the order of 1/10 of R values), and mini-
mizes both frequency dependent errors and variability of
electric flow paths.
Implications in the clinical setting
All equations produce estimates of TBW and of its
compartments with a 95% prediction interval too large
(±4 to 8 kg, or 2 to 4 kg SEE) for clinical purposes. In
principle, segmental impedance measurements might re-
duce the model error component, but the method cannot
be validated with dilution reference methods and mod-
els. However, the sum of segment impedance is close
to whole-body impedance (0.5% difference) at any fre-
quency, leading either to equivalence of information [28,
30, 38] or to a better prediction of TBW with whole-body
impedance [39]. Also, a satisfactory fitting of the Cole’s
semicircle, either to whole-body or cumbersome segmen-
tal measurements, is neither well defined nor always fea-
sible (1 out 68 subjects in this report), which can prevent
volume estimation in several cases [33].
Clinical utility of BIA can be achieved following the
methodology of elctrocardiogram interpretation, that is,
using vector BIA as a stand-alone procedure based on
patterns of direct impedance measurements (impedance
random vectors) without knowledge of body weight and
without a priori assumptions on body composition [18–
21]. Using direct measurement and clinical validation of
measurement patterns is the only way to bring errors to
the minimum because only measurement error and bi-
ological variability of subjects are considered [18–21].
Evaluation is in real time (RXc graph) at the bedside,
based on R and Xc readings at 50 kHz, which are avail-
able in a few seconds. After transformation of R and Xc
components into bivariate Z scores, the RXc-score graph
can be used with any analyzer in any population [19].
From clinical validation studies of vector BIA in adults,
including HD and peritoneal dialysis patients [40–45],
vector displacements parallel to the major axis of tol-
erance ellipses indicate progressive changes in tissue
hydration (dehydration with long vectors, and hyperhy-
dration with short vectors). Consideration of changes of
impedance measures, although forfeiting prediction of
absolute volumes, allows determination of whether body
fluid volumes have returned to those of a reference popu-
lation group following dialysis, which is not possible with
BIS.
From the present results, this pattern proved to be
valid in the range of frequencies between 30 and 100 kHz
(Figs. 4 and 11), which further documents the robustness
of vector BIA.
CONCLUSION
No information was lost when only considering the vec-
tor migration at 50 kHz, nor was additional information
provided by BIS methodology utilizing either limit fre-
quencies close to zero and infinity (parallel trajectories)
or prediction equations of fluid compartments (flawed
calculations). The theoretical expectation of vector BIA
was that soft tissue hydration change was detectable
through impedance measurement at 50 kHz, which has
been proved during the HD session (Figs. 3, 4, and 11).
In the clinical setting, the comparison of vector position
and migration with reference intervals (between-subject
variability) represents an additional advantage of vector
BIA, which is not allowed with BIS.
APPENDIX
Electric models
Different methods of obtaining body impedance measurements (sin-
gle or multiple current frequency; distal, proximal, or segmental mea-
sures) aim to provide quantitative estimates of body compartments,
and are supported by electric models of human body and tissues [1–4,
9]. Complex electrical models are utilized in literature in the hope to
increase accuracy, and to reduce prediction error of equations. An elec-
trical model (e.g., series, parallel, Cole’s, Hanai’s model, etc.) is used as
an electrical equivalent [1] that is a circuit that electrically behaves like
the original, is expressed through mathematical equations, and aims to
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represent anatomic structures or physical processes (e.g., sketches of 75
trillion cells of the human body, 3 to 6 body compartments, cellular and
vascular fluid shifts, etc.) [3].
Since the 1950s, the beta-relaxation theory (or Maxwell-Wagner dis-
persion theory) [1] has been successfully applied to cellular suspension
analysis to obtain membrane capacity and intracellular resistivity, allow-
ing accurate measurement of living cell volume by biomass transducers
(e.g., industrial fermentation process, blood cell counter). In practice,
parameters of the Cole’s model are estimated through nonlinear curve
fitting in the R-Xc plane of a number of Z vectors that are measured
by BIS in a cell suspension [1] (Fig. 1). The curve formed by Z vectors
(impedance locus) on the R-Xc plane is a semicircle with a depressed
center (Cole’s arc, with a negative Xc coordinate) (Fig. 2). At very
low frequencies, extrapolated to zero frequency limit, Ro, current only
flows through the ECW solution because the cell membrane would act
as a capacitor, and the impedance would become ECW resistance. The
current frequency at which Xc reaches the maximum is the character-
istic frequency (Fc). At very high frequencies, extrapolated to infinite
frequency limit, R∞, the current also penetrates cells such that the
impedance becomes TBW resistance. The ICW resistance, Ri, is then
derived as 1/Ri = 1/R∞ − 1/Ro. ICW and ECW volumes of a suspen-
sion containing nonconducting spheres (Hanai’s mixture theory) can be
estimated introducing in the model 2 constants, which are the resistivity
of conducting medium and the concentration of nonconducting spheres
[1, 3, 14, 15].
In humans, ECW and ICW volumes are calculated from the extrapo-
lated values of Ro and R∞, according to Hanai’s mixture-volume equa-
tion for nonconducting spheres. Three arbitrary constants are needed in
the prediction equations, namely, a dimensionless shape factor Kb (4.3
for either gender) accounting for body geometry (arms, legs, and trunk
as 5 cylinders), a resistivity constant of the ECW solution kECW (0.306
in men and 0.316 in women, as a powered ratio of ECW resistivity and
body density), and the ratio of ICW/ECW resistivities kq (3.82 in men
and 3.40 in women) [15]. As demanded by the model, we used these
coefficients as constants in the equations, although they are population
specific (by age and gender in healthy subjects) with a very high coeffi-
cient of variation, in the order of 19% to 29% [3, 17]. We did not use the
correction for time delay of the electric signal, which is recommended
for Xitron devices [14, 15], but not for SEAC devices [24].
ECW, ICW, and TBW, in L, were calculated according to equations
1, 2, and 3, respectively [15]:
ECW = kECW/(H2 • weight0.5/Ro)2/3 (Equation 1)
(1 + ICW/ECW)5/2 = [(Ro + Ri)/Ri]
[1 + kq • ICW/ECW]
(Equation 2)
TBW = ECW + ICW (Equation 3)
In literature, the standard error of estimate (SEE, or root mean
square error) of TBW, ECW, and ICW prediction equations compared
to dilution methods is 1.33 (bias −4.46), 0.90 (bias 2.69), and 1.69 (bias
−7.14) L in healthy subjects [15].
Tissue anisotropy invalidates BIS models. Impedance models that
work well in suspensions of spherical cells, where Xc is close to 0 Ohm at
low frequencies, are flawed in determining intra- and extracellular elec-
trical volumes of cells in tissues because human tissues are anisotropic
conductors [1–3, 22]. Anisotropy means that current conduction is not
constant in different directions. Anisotropy is small in suspensions of
nonspherical cells (e.g., erythrocytes), but is large in tissues because of
the orientation of cells, tissue interfaces, macromembranes, and organs,
which leads to a progressive increase in Xc values above the expected
value of 0 Ohm (only extracellular current path) [1, 22]. Muscle tissue
is strongly anisotropic with a low-frequency conductance ratio of 1:8
between transversal and longitudinal directions [1, 2], meaning that a
low frequency current (up to 10 kHz) in the longitudinal direction also
flows through muscle cells, leading to a biased estimation of the ECW
volume (Ro becomes the sum of the extra- plus a variable intracellular
R). Lean soft tissues contribute more than fat soft tissues to impedance
magnitude because adipocyte droplets (anhydrous triacylglycerols) are
poor conductors. Contribution of bone is negligible (meaning noncon-
ductor) in the current range of biomedical analyzers [1–3, 22].
However, as the impedance locus of either whole body or body seg-
ments is also an arc, the Cole’s model parameters, embedded in Hanai’s
mixture-volume equation for nonconducting spheres, are utilized in pre-
dicting body ECW and ICW volumes of humans (equations 1 to 3) [1,
3, 14, 15].
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